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A B S T R A C T   

Aims: Millions of people died during the COVID-19 pandemic, but the vast majority of infected individuals 
survived. Now, some consequences of the disease, known as long COVID, are been revealed. Although the res
piratory system is the target of Sars-CoV-2, COVID-19 can influence other parts of the body, including bone. The 
aim of this work was to investigate the impact of acute coronavirus infection in bone metabolism. 
Main methods: We evaluated RANKL/OPG levels in serum samples of patients with and without acute COVID-19. 
In vitro, the effects of coronavirus in osteoclasts and osteoblasts were investigated. In vivo, we evaluated the bone 
phenotype in a BSL2 mouse model of SARS-like disease induced by murine coronavirus (MHV-3). 
Key findings: Patients with acute COVID-19 presented decreased OPG and increased RANKL/OPG ratio in the 
serum versus healthy individuals. In vitro, MHV-3 infected macrophages and osteoclasts, increasing their dif
ferentiation and TNF release. Oppositely, osteoblasts were not infected. In vivo, MHV-3 lung infection triggered 
bone resorption in the femur of mice, increasing the number of osteoclasts at 3dpi and decreasing at 5dpi. Indeed, 
apoptotic-caspase-3+ cells have been detected in the femur after infection as well as viral RNA. RANKL/OPG 
ratio and TNF levels also increased in the femur after infection. Accordingly, the bone phenotype of TNFRp55− /−

mice infected with MHV-3 showed no signs of bone resorption or increase in the number of osteoclasts. 
Significance: Coronavirus induces an osteoporotic phenotype in mice dependent on TNF and on macrophage/ 
osteoclast infection.   

1. Introduction 

In March 2020, the World Health Organization (WHO) declared the 
acute respiratory coronavirus disease 2019 (COVID-19) a pandemic. 
Over 755 million cases of Sars-CoV-2 infection and over 6.8 million 
deaths have been reported globally as of 15 February 2023 [1]. Since 
then, much has been learned to develop vaccines and therapy protocols 
[2], but much still has to be studied. The infection first manifests in the 

respiratory tract, with variable symptoms, from dry cough and fever to 
acute respiratory distress syndrome and respiratory failure in severe 
cases [3]. Nevertheless, relevant extrapulmonary complications 
accompany these primary pulmonary signs [4]. 

Several COVID-19 patients experience anosmia, ageusia, diarrhea, 
headache, fatigue, cognitive dysfunction and other symptoms that go far 
beyond the lung disease [5,6]. Indeed, some evidence suggests that 
COVID-19 can even impact the musculoskeletal system [7,8]. Muscle, 
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joint pain and bone burning have been reported in acute and chronic 
phases of COVID-19 [9,10]. There is evidence of reduced bone mineral 
density in patients subjected to intensive care and association with 
worse prognosis [11,12]. Experimentally, Sars-CoV-2 induced bone 
resorption in transgenic mice expressing human ACE-2 (Angiotensin 
Converting Enzyme 2), the enzyme required for viral entry in human 
cells [13]. Qiao et al. [14] demonstrated the inflammatory milieu trig
gered by Sars-CoV-2 as a pathway to explain the osteoporotic phenotype 
of infected hamsters. Nevertheless, lack more evidence to better un
derstand the coronavirus-induced bone loss. 

In a life-threatening condition such as COVID-19, to study muscu
loskeletal consequences of the disease can be seen as secondary, despite 
the impact bone disorders cause on health, economic and social contexts 
[15,16]. Moreover, there are limitations of infrastructure imposed to 
experimentally work with Sars-CoV-2: a biosafety level 3 (BSL3) labo
ratory is required; animals susceptible to the infection are needed, such 
as transgenic mice or hamsters; experimental tools to work with ham
sters are not promptly available [17]. Thus, to overcome these limita
tions and allow the spread of new knowledge, our research group 
described a BSL2 mouse model that recapitulates several aspects of the 
acute phase of severe COVID-19 in wild type mice, using a murine 
betacoronvirus, MHV-3 [18]. The MHV (mouse hepatitis virus) belongs 
to the coronavirus family of enveloped positive-strand RNA viruses and 
it is a natural pathogen of mice [19]. Upon intranasal inoculation, MHV- 
3 triggers a transient lung inflammation after 3 days, with viral repli
cation, lung damage, respiratory dysfunction, and systemic commitment 
of mice [18]. 

Therefore, the aim of this work was to investigate the impact of acute 
coronavirus infection on bone metabolism. First, we investigated the 
serum levels of RANKL and osteoprotegerin in patients with acute 
COVID-19. We also evaluated the effect of MHV-3 infection in osteo
clasts and osteoblasts in vitro and the acute bone loss induced by coro
navirus in vivo. Finally, we investigated the role of TNF in the bone 
phenotype associated with the SARS-like disease induced by MHV-3 in 
mice. 

2. Methods 

2.1. Human serum samples 

Forty-five patients with acute COVID-19 were recruited as part of the 
exploratory outcomes of the RESOLVIR trial, approved by the National 
Research Ethics Commission (Comissão Nacional de Ética em Pesquisa - 
35449720.7.0000.5149). The patients were admitted to Eduardo de 
Menezes Hospital (Belo Horizonte, Brazil), the reference center for in
fectious diseases in the state of Minas Gerais, with COVID-19 infection 
confirmed by Reverse Transcriptase-Polimerase Chain Reaction (RT- 
PCR) tests in 2021. All patients had severe acute respiratory syndrome 
(SARS) and required oxygen support. Only samples acquired at baseline 
of the phase two patients were used in these analyses. As per city pro
tocol at the time, patients were in use of Dexamethasone 10 mg/day, 
ceftriaxone and azithromycin. Forty-five serum samples obtained from 
healthy individuals matched for gender and age were used as controls. 
These Control samples were obtained before the pandemic, in 2018 
(Comissão Nacional de Ética em Pesquisa - 24832513.4.0000.5149), in 
the region of the Centro de Saúde Jardim Montanhês (Belo Horizonte, 
Brazil). All patients agreed to participate in the study and provided 
signed informed consent. In Covid-19 and Control groups, serum sam
ples were obtained and serum markers of bone metabolism, RANKL and 
OPG, were analyzed by ELISA. 

2.2. RAW264.7 cell culture and osteoclast differentiation 

Immortalized RAW264.7 cells were used to characterize the effects 
of MHV-3 infection in macrophages and osteoclast differentiation. The 
cells were cultured in DMEM medium (Cultilab) supplemented with 10 

% fetal bovine serum (FBS; Gibco), in culture flasks. After achieving 
optimal confluence, cells were plated at a concentration of 1 × 103 cells/ 
well for 96-well plates or 1 × 104 cells/well for 24-well plates. For 
osteoclast differentiation, cells were stimulated with 50 ng/ml of re
ceptor activator of nuclear factor-kB ligand (RANKL, Peprotech) every 
two days for one week. After differentiation, cells were stimulated with 
MHV-3 at MOI 0.1 / 0.01 / 0.001. After 12, 24 or 48 h of virus challenge 
the cultures of macrophages and osteoclasts were evaluated for cell 
viability by MTT, TRAP assay and virus titration in the supernatant. 
Quantification of cytokines in the supernatant was also evaluated by 
ELISA using the MOI 0.001 at 12 h after infection. 

2.3. Culture of immortalized osteoblasts 

In the experiments with osteoblasts, MC3T3-E1 cell line, subclone 14 
(immortalized pre-osteoblasts from the skull of neonate mice (American 
Type Culture Collection, Arlington, VA)) was used. Cells were grown in 
osteogenic medium [minimal essential medium (αMEM, Gibco) with 10 
% FBS (Gibco); 100 μg/ml gentamicin; 5 μg/ml ascorbic acid (Sigma- 
Aldrich, USA); and 2.16 mg/ml β-glycerophosphate (Sigma-Aldrich)]. 
The medium was changed every 2 d for one week. Afterwards, the cells 
were counted and plated at a concentration of 5 × 103 for 24-well plates 
and 5 × 102 for 96-well plates. Twenty-four hours after plating, cells 
were stimulated with MHV-3 at MOI 0.1 / 0.01 / 0.001. Cell viability 
assay by MTT and virus titration in the supernatant were performed 12, 
24 or 48 h after viral challenge. The alkaline phosphatase and alizarin 
red assay were performed 7 and 14 d after infection, with MOI 0.01. 

2.3.1. Alkaline phosphatase assay 
Alkaline phosphatase enzyme activity was evaluated in osteoblasts 

using the NBT / BCIP (nitro-blue tetrazolium/5-bromo-4-chloro-3 
indolyl phosphate) assay, after stimulation with MHV-3. The wells 
were washed with PBS and the NBT/BCIP solution [1 (NBT): 1 (BCIP): 8 
(PBS)] (Invitrogen) has been added. After incubation (37 ◦C for 2 h), a 
solution of 10 % SDS and 0.3 % HCl in water was added and the plates 
were incubated (37 ◦C overnight). The following day, the optical density 
of the supernatant was read in a spectrophotometer at 595 nm. 

2.3.2. Alizarin red assay 
The evaluation of mineralized matrix production by osteoblasts was 

performed with the alizarin red method after infection with MHV-3. The 
Mc3t3 cells were grown on glass coverslips, in 24-well culture plates. At 
the end of the experiment, the wells were washed with PBS, fixed with 4 
% glutaraldehyde in PBS for 15 min. Then, the alizarin red solution (40 
mM, pH 4.2) was added and shaked for 20 min. The dye was removed, 
the wells were washed with distilled water and the coverslips were 
mounted on slides, which were photographed for analysis. 5 fields were 
photographed on each coverslip (4× magnification; totalizing ~17 
mm2) and the area with mineralized matrix was quantified using ImageJ 
software. 

2.4. Virus titration 

To measure viable viral titers in cell culture, we performed the 
titration protocol in immortalized L929 cells, which are permissive to 
MHV-3 (ATCC CCL-1). Cells were expanded with DMEM medium sup
plemented with 10 % FBS and plated in 24-well plates at a concentration 
of 1 × 105 cells per well. Twenty-four hours after plating, the superna
tants from the osteoclast and osteoblast experiments were serially 
diluted with DMEM, pipetted over the cells and incubated for 1 h under 
agitation. Afterward, overlay medium (DMEM containing 1.6 % 
carboxymethylcellulose) was added and kept for 2 days at 37 ◦C and 5 % 
CO2. Then, cells were fixed with 10 % neutral buffered formalin (NBF) 
for 1 h and stained with 0.1 % crystal violet. Virus titers were deter
mined as PFU/ml. 
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2.5. MTT cell viability assay 

The MTT assay was performed to measure the viability of Raw 264.7 
macrophages, osteoclasts and osteoblast. After stimulation with MHV-3, 
the wells were washed with PBS and a solution of MTT (1 mg/ml) in 
α-MEM or D-MEM was added. After incubation (4 h at 37 ◦C and 5 % 
CO2), another wash was performed and the isopropanol/HCl solution 
was added to dilute the formazan crystals. The supernatant was quan
tified by measuring the absorbance values at 595 nm, in a 
spectrophotometer. 

2.6. Mice 

Male and female wild-type C57BL/6 mice (Central Animal House 
UFMG) and TNF receptor knockout mice (TNFRp55− /− , stock 
no.002818; Jackson Laboratories), aged between 6 and 8 weeks, were 
used throughout the experiments. Mice were housed in individual 
ventilated cages in an animal care facility with 12/12 h light/dark cycle 
at 23–25 ◦C and free access to food and water. The in vivo experimental 
procedures were approved by the UFMG Ethics Committee for the Use of 
Animals (process no. 190/2020). 

2.7. MHV-3 infection 

Mice were divided into a Mock control group and two groups 
infected with MHV-3 (one with 3 and the other with 5 days of infection). 
They were anesthetized intraperitoneally [ketamine (50 mg/kg) xyla
zine (5 mg/kg)] and received an intranasal inoculum of 30 μl of sterile 
saline with MHV-3 (103 PFU). Mock animals received only the vehicle. 
On the last day of the experiment, the animals were euthanized and the 
lung and femur were collected for analysis. 

2.8. Histological analysis 

Tissues extracted for histological analysis were fixed in 10 % 
formalin at pH 7.4 for 48 h. The femur samples underwent a decalcifi
cation process in 14 % EDTA for 1 month. Tissues were dehydrated in 
graded ethanol, and embedded in paraffin. Serial sections (5 μm) were 
stained with hematoxylin and eosin (H&E), Masson's trichrome, TRAP or 
immunohistochemistry. The lung slides were stained with H&E and 
were examined for determination of the inflammation-mediated injury 
using a score system encompassing (i) airway inflammation (up to 4 
points), (ii) vascular inflammation (up to 4 points), (iii) parenchyma 
inflammation (up to 5 points), and neutrophil infiltration (up to 5 
points). Bone slides stained with H&E were photographed in the distal 
region of the femur, next to the epiphyseal cartilage, and were evaluated 
for the percentage of trabeculae in relation to the total evaluated area, 
using the ImageJ software (National Institutes of Health, Bethesda, 
USA). Femur slides were also stained with Masson's trichrome for oste
oblast cell counts. Osteoblasts were identified by their position next to 
bone trabeculae and their morphological characteristics. The cells were 
counted and data were expressed as number of cells per microscopic 
field (magnification: 400×). 

2.9. TRAP assay 

The TRAP assay was performed in bone samples and in macrophage/ 
osteoclast cell cultures. For the femur samples extracted from animal 
experiments, the tissues were decalcified, processed, embedded and 
sectioned into 5-mm thickness slices. For the in vitro experiments the 
TRAP assay was performed, after stimulation with MHV-3, in cells 
cultured on coverslips. In both cases, staining was performed with the 
acid phosphatase leukocyte (TRAP) Kit (Sigma-Aldrich), following the 
manufacturer's instructions. Osteoclasts were identified as TRAP- 
positive cells adjacent to bone trabeculae. For the in vitro data, the 
cells were photographed (20× magnification) for counting the TRAP- 

positive cells and the multinucleated (two or more nuclei) TRAP- 
positive cells. The area of each multinucleated TRAP-positive cell was 
also measured using Image-J. 

2.10. Immunohistochemistry 

Bone slides were also processed for immunohistochemistry (IHC). 
IHC slides were deparaffinized, hydrated and endogenous peroxidase 
blockade was performed with 0.3 % hydrogen peroxide. Antigen 
retrieval was performed with 0.1 M citrate buffer solution. The sections 
were then coated with primary rabbit anti-mouse cleaved Caspase-3 
antibody (1:300; Cell Signaling Technology (Asp175 - #9961)), for la
beling cleaved Caspase-3. Then the sections were incubated with the 
secondary antibody (VECTASTAIN Elite ABC HRP Kit) and stained with 
DAB chromogenic solution (Sigma-Aldrich). Counterstaining with he
matoxylin was performed. Negative reaction controls comprised sam
ples in which the primary antibodies were omitted. 

2.11. MicroCT analysis 

The samples of femur were scanned using a compact desktop micro- 
CT scanner (SkyScan 1174, Bruker micro-CT, Belgium), with 50 kV of 
source voltage, 800 μA source current and 8.05 μm pixel size. A 0.5 mm 
aluminium filter was used. The samples were attached to a stage that 
rotated 180◦ with images acquired every 0.7◦. The acquired shadow 
projections (16-bit TIFF format) were further reconstructed into 2D 
slices using the NRecon software interface (Skyscan, Bruker micro-CT, 
Belgium). CTAn software (Skyscan, Bruker Micro-CT, Belgium) was 
used for 3D analyses, and CTVox (Skyscan, Bruker Micro-CT, Belgium) 
was applied for the 3D bone volume observation. The parameters 
evaluated were trabecular separation (Tb.Sp), percent bone volume 
(BV/TV), trabecular thickness (Tb.Th) and porosity percentage. 

2.12. RT-PCR for MHV-3 detection 

Viral RNA was extracted with the QIAamp®  Viral RNA kit, following 
the manufacturer's instructions. The femur samples were macerated 
with the lysis buffer, eluted and the RNA was quantified in a spectro
photometer (NanoDrop™ , Thermo Scientific). cDNA was synthetized 
with 500 ng of total RNA using the iScript™  gDNA Clear cDNA Syn
thesis Kit (BIO-RAD) following the manufacturer's instructions. The 
cDNA was then diluted 1:10 to be used in the qPCR assay with Fast 
SYBR™  Green Master Mix (Applied Biosystems™ ) and primers in 
concentration of 5 nM: Forward primer 5′-CAGATCCTTGAT
GATGGCGTAGT-3′; Reverse primer 5′-AGAGTGTCCTATCCC
GACTTTCTC-3′. The standard was obtained by extracting RNA from a 
known amount of PFU from MHV-3. Results were expressed in Relative 
Units/500 ng cDNA. 

2.13. ELISA 

Cytokines associated with bone remodeling were quantified by 
ELISA in in vivo and in vitro experiments and in the serum samples of 
patients. In samples from patients with or without COVID-19, serum 
RANKL and OPG levels were quantified. For determination of the 
RANKL/OPG ratio of each patient, samples which presented undetected 
levels of RANKL or OPG were excluded. In the animal femur samples, 
RANKL, OPG, TNF and IL-1β were evaluated. We also performed ELISA 
for supernatant samples of macrophages/osteoclasts (TNF) or Mc3t3 (IL- 
6) cells. All assays were performed using standard ELISA kits (R&D 
Systems), according to the manufacturer's recommendations. The results 
are expressed as picograms of cytokine per ml/100 mg tissue. 

2.14. Statistical analysis 

Quantitative data were expressed as mean ± standard error of the 
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mean. Differences between means were assessed by unpaired Student's t- 
test or one-way ANOVA followed by Tukey's multiple comparisons test 
when data presented normal distribution. Data presenting non-normal 
distribution were evaluated using the non-parametric Mann-Whitney 
test. Differences with p < 0.05 were considered statistically significant. 

3. Results 

3.1. Acute COVID-19 decreases serum levels of OPG and increases 
RANKL/OPG ratio in patients 

The first step of this study was to investigate whether COVID-19 
impacts serum levels of RANKL and OPG, mediators that induce and 
prevent osteoclastogenesis respectively, in patients with acute disease. 
To that end, a total of 45 patients with COVID-19 requiring hospital 
admission for oxygen therapy were recruited in 2021. COVID-19 diag
nostic was confirmed by PCR test. There were 22 women (mean age 
(SD): 52.27 (8.84) years old; min. 32, max. 65) and 23 men (mean age 
(SD): 50.56 (12.49) years old; min. 27, max. 70). In their first appoint
ment for hospital admission, serum samples were collected for evalua
tion of RANKL and OPG levels. Serum samples from healthy gender and 
age-matched individuals, collected before the pandemic, were used as 
controls (22 women: mean age (SD): 52.27 (8.84), min. 32, max. 65; and 
23 men: mean age (SD): 48.96 (12.27), min. 27, max. 70). The mean 
serum levels of RANKL (132.5 (±147.8) pg/ml in controls versus 281.7 
(±937.4) pg/ml in COVID-19 patients) reached no statistical difference 
between the groups (Fig. 1A). In contrast, OPG serum levels were 
significantly decreased in the samples of patients with COVID-19 when 
compared to matched controls (Fig. 1B). No correlation was detected 
between RANKL/OPG serum levels and age or gender of the patients. 
Nevertheless, the decrease in OPG concentration translated into high 
serum RANKL/OPG ratio during COVID-19 (Fig. 1C), which may impact 
bone metabolism in acute and long term. 

3.2. Coronavirus infects osteoclasts but does not affect osteoblasts 

Raw 264.7 macrophages, stimulated or not with RANKL for osteo
clast differentiation, were susceptible to productive MHV-3 infection. 
The murine coronavirus propagated in these cells and progressively 
decreased cell viability just after 48 h (Fig. 2A-D). Both in the absence or 
presence of RANKL, MHV-3 triggered macrophage fusion, with syncytial 
formations which were positive for TRAP (Fig. 2E-F,H), the character
istic enzyme of osteoclasts. The multinucleated cells had significantly 
higher size in the presence of MHV-3, when compared to non-infected 
osteoclasts (Fig. 2G). Such phenotype associated to increased TNF 
release by RANKL-stimulated osteoclasts just after 12 h of infection 
(Fig. 2J). 

In contrast, osteoblasts derived from MC3t3 cells were not suscep
tible to MHV-3 infection. No viral titer was detected in this cell culture 

(data not shown) and no effect was observed on cell viability (Fig. 2K). 
MHV-3 did not influence osteoblast activity and mineralization pattern, 
as indicated by IL-6 release (Fig. 2L), alkaline phosphatase (Fig. 2M) and 
alizarin red staining of mineral nodules (Fig. 2N-O). Thus, MHV-3 
coronavirus triggered osteoclast differentiation but did not affect 
osteoblast. 

3.3. Lung infection with the betacoronavirus MHV-3 triggers bone 
resorption in mice 

In view of the current human data and in vitro evidence of the po
tential influence of coronavirus infection on bone metabolism, we 
investigated the effects of MHV-3 infection in the bone of mice. In 
accordance with previous published data of our group [18], MHV-3 
intranasal infection triggered significant lung damage at 3 days post 
virus inoculation (Fig. 3A). There was transient recruitment of leuko
cytes, including mononuclear and polymorphonuclear cells, especially 
to perivascular areas of the lung parenchyma, and hyperplasia of the 
alveolar walls, which decreased after 5 dpi (Fig. 3A-B). This experi
mental model is characterized by significant viral titers in the lung (104 

PFU/g) but mild systemic commitment at 3 dpi, with viremia been 
detected only at 5 dpi [18]. In this way, we investigated whether bone 
phenotype could be influenced in the acute phase of lung disease. 

Indeed, MHV-3 infection induced a significant decrease in trabecular 
number at 3 dpi at the distal region of the femur of infected mice 
(Fig. 3C-D). Microcomputed tomography showed that MHV-3 infected 
mice had reduced trabecular bone volume fraction (Fig. 3E, I) and 
trabecular thickness (Fig. 3F, I) at 3 dpi, although porosity and trabec
ular separation (Fig. 3G-I) only increased significantly at 5 dpi, indi
cating that the process started acutely with the lung disease and 
progressed with the systemic commitment. 

3.4. MHV-3 infection increases the number of osteoclasts and RANKL/ 
OPG ratio in the femur of mice 

The trabecular bone resorption observed in the femur of infected 
mice associated with increased number of TRAP-positive osteoclasts 
lining the trabeculae surface at 3 days post-MHV-3 infection (Fig. 4A-B). 
Interestingly, these TRAP-positive cells have not been detected signifi
cantly at 5 dpi (Fig. 4A-B), which may indicate cell death. Indeed, there 
were signs of apoptosis with the detection of apoptotic bodies and 
cleaved caspase-3-positive cells adjacent to the trabecular surfaces 
(Fig. 4C-D) after MHV-3 infection. As shown in the in vitro results, os
teoclasts can be infected and die after infection, and viral RNA copies 
have been detected in the femur of mice just after 3 dpi (Fig. 4E). 
Regarding osteoblasts, infection of mice with the betacoronavirus MHV- 
3 did not induce any effect on the number of these cells (Fig. 4F-G), 
which indicates that the viral induced-bone resorption is primarily 
associated with osteoclast stimulation. 

Fig. 1. Serum levels of RANKL and OPG in patients with acute COVID-19. Serum samples were collected from patients with and without COVID-19 (n = 45 matched 
patients per group) and evaluated for (A) RANKL and (B) osteoprotegerin (OPG) by ELISA. (C) RANKL/OPG ratio was evaluated excluding the undetected values of 
RANKL or OPG. * p < 0.05, Mann-Whitney test. 
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Fig. 2. MHV-3 infects macrophages and osteoclasts, but not osteoblasts. Viral titers and cell viability (MTT assay) were detected in (A-B) Raw 264.7 macrophages 
and in (C–D) Rankl-stimulated osteoclasts12, 24 and 48 h after infection with MHV-3 at MOI 0.1, 0.01 and 0.001. (E) Quantification of total TRAP-positive cells, (F) 
multinucleated TRAP-positive cells, and (G) area of individual multinucleated cells 12 h after MHV-3 infection at MOI 0.001. (H) Representative photomicrographs 
from osteoclast cell culture. (I-J) TNF was quantified in macrophage and osteoclast cell culture supernatants 12 and 24 h after MHV-3 stimulation. (K) Osteoblast 
viability (MTT assay) 12, 24 and 48 h after MHV-3 stimulation. (L) IL-6 was quantified by ELISA in osteoblast cell culture supernatant 12 h and 14d after MHV-3 
stimulation. (M) Alkaline phosphatase activity was detected colorimetrically 14 d after cell stimulation. (G) Alizarin red was quantified morphometrically 14 d after 
MHV-3 stimulation. (H) Representative images of alizarin red stained osteoblast samples. * p < 0.05 versus Control group. # p < 0.05 versus RankL group. Statistical 
evaluation was performed using Student's t-test for comparison of two independent groups and one-way ANOVA followed by the Tukey's multiple comparisons test 
for more than two groups. 
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In accordance with the phenotype of bone resorption induced by 
MHV-3 infection, we investigated the expression of bone-related medi
ators. The lung viral infection triggered an increase in bone RANKL 
expression and the RANKL/OPG ratio at 5 dpi, but not at 3 dpi (Fig. 4H- 
J). Similarly, the expression of TNF, a cytokine directly related to bone 
resorption, showed an increasing pattern in the femur of infected mice, 
that reached statistical significance at 5 dpi (Fig. 4K). No difference was 
detected in the levels of IL-1β in the femur of infected mice (Fig. 4L). 

3.5. MHV-3-induced bone loss is dependent on TNF 

As a proof of concept, we investigated whether MHV-3 intranasal 
infection would trigger bone resorption in TNFR− /− mice. As shown by 
our group previously, the absence of TNF receptor improved the course 
of the disease induced by MHV-3, with significantly reduced lung 
damage and systemic commitment in TNFR− /− mice [18]. Accordingly, 
the infection of TNFR− /− mice with the betacoronavirus MHV-3 did not 
induce trabeculae resorption as occurred in WT mice at 3 dpi (Fig. 5A-B). 
Microcomputed tomography showed that the femur of infected TNFR− / 

− mice had similar trabecular bone fraction, trabecular thickness, 

Fig. 3. MHV-3 lung infection triggers trabecular bone resorption. (A) Mice lung inflammatory score upon MHV-3 infection. (B) H&E-stained lung sections showing 
significant signs of inflammatory injury in infected mice, including inflammatory cell infiltrate and pyknosis, which indicate cell death. Scale bar, 50 μm. (C) 
Morphometric quantitation of percentage of trabecular bone in the distal region of the femur. (D) Representative H&E-stained bone sections showing decreased 
trabecular bone in the MHV-3 infected group, when compared to the Mock group. Scale bar, 200 μm. MicroCT analysis of (E) percent bone volume (BV/TV), (F) 
trabecular thickness (Tb.Th), (G) porosity percentage and (H) trabecular separation (Tb.Sp). (I) Representative 2D and 3D microCT images of Mock and MHV-3- 
infected femur samples. * p < 0.05 versus Mock group. Statistical evaluation was performed using one-way ANOVA followed by the Tukey's multiple compari
sons test. 
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porosity and separation as their non-infected littermates (Fig. 5C-G). In 
line with these results, while WT mice had increased TRAP-positive cells 
at 3 dpi, the number of osteoclasts was not affected by MHV-3 infection 
in TNFR− /− mice (Fig. 5H-I). These results indicate that bone resorption 
triggered by MHV-3 is dependent on TNF p55 receptor. 

4. Discussion 

The possible systemic commitment observed in acute and chronic 
COVID-19 stages is just been discovered as the pandemic progresses and 
slows. There is now strong evidence of several potential extra- 
pulmonary effects induced by Sars-CoV-2 infection, such as 
neurological-related conditions, including anosmia, ageusia, headache, 
and cognitive dysfunction [5,6], cardiovascular disorders, such as 
microangiopathy and thrombotic events [20], problems in male fertility 
[21] and other multi-organ conditions. Among these, the evidence of 
bone metabolism disorders associated with coronavirus infection is just 
starting to be described. Here, we have shown that: 1. Patients with 

acute COVID-19 present decreased serum levels of OPG; 2. The beta
coronavirus MHV-3 can infect and increase the differentiation of oste
oclasts; 3. MHV3 infection triggers bone resorption in the femur of mice; 
4. The MHV-3 induced bone resorption is dependent on TNF. 

The hypothesis suggesting that COVID-19 could affect the musculo
skeletal system popped into the scientific literature just after the clinical 
consequences and cytokine storm induced by the infection were 
described [7,22]. The hospitalization of patients susceptible to severe 
cases of COVID-19 may lead to periods of immobilization and this can 
cause the called “immobility syndrome” with a component of loss of 
bone mass [23]. Moreover, treatment protocols for viral infections based 
on corticoid therapies are known to decrease bone mineral density 
(BMD), such as evidenced in the SARS-CoV outbreak [24]. Accordingly, 
severe COVID-19 was associated with low total body BMD in people over 
60 years old [25]. Another report showed that patients requiring 
intensive care had a significantly lower BMD and this could be a prog
nostic information on the necessity for ICU treatment in the course of 
COVID-19 pneumonia [11]. In line with this evidence, hypercalcemia, 

Fig. 4. MHV-3 lung infection increases osteoclast number and RANKL levels in the femur. (A) Representative TRAP-stained femur slides of Mock, MHV-3 3dpi and 
MHV-3 5dpi mice. Arrows: TRAP-positive osteoclasts. Scale bar, 40 μm. (B) Quantitation of TRAP-positive cells next to bone trabeculae in 400×-magnification fields. 
(C) Representative images of cleaved caspase-3 stained slides of Mock and MHV-3-infected samples at 3dpi. Arrows: Cleaved Caspase-3 positive cells; Dotted circles: 
apoptotic bodies. Scale bar, 50 μm. (D) Quantitation of cleaved caspase-3 positive cells per 400× magnification field in the femur of mice. (E) MHV-3 detection in the 
femur of infected mice at 3dpi by qPCR. (F) Quantitation of osteoblasts lining trabecular surfaces in Mock and MHV-3 infected samples. (G) Representative Masson's 
Trichrome stained femur samples showing osteoblasts next to trabeculae. Arrows: morphologically active osteoblasts. Femur levels of (H) RANKL, (I) osteoprotegerin 
(OPG), (J) RANKL/OPG ratio, (K) TNF and (L) IL-1β detected by ELISA. * p < 0.05 versus Mock group; # p < 0.05 versus MHV-3 3dpi group. Statistical analysis was 
performed using one-way ANOVA followed by the Tukey's multiple comparisons test. 
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Fig. 5. MHV-3-induced bone loss is dependent on TNF. TNFR− /− mice were infected with MHV-3 and their euthanasia was conducted at 3dpi. (A) Morphometric 
quantitation of percentage of trabecular bone in the distal region of the femur. (B) Representative H&E-stained bone sections showing decreased trabecular bone in 
the MHV-3 WT infected group, when compared to the TNFR− /− infected group. Scale bar, 200 μm. MicroCT analysis of (C) percent bone volume (BV/TV), (D) 
trabecular thickness (Tb.Th), (E) porosity percentage and (F) trabecular separation (Tb.Sp). (G) Representative 2D microCT images of MHV-3-infected WT and 
TNFR− /− femur samples. (H) Quantitation of TRAP-positive cells next to bone trabeculae in 400×-magnification fields. (I) Representative TRAP-stained femur slides 
of Mock and MHV-3 WT and TNFR− /− femur samples. Arrows: TRAP-positive osteoclasts. Scale bar, 40 μm. * p < 0.05 versus the respective Mock group; # p < 0.05 
versus WT infected group. Statistical analysis was performed using one-way ANOVA followed by the Tukey's multiple comparisons test. 
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which correlates to bone disease, also correlated to poorer survival rates 
in COVID-19 patients [26]. These clinical findings of bone resorption are 
in line with the current data of lower OPG serum levels and high 
RANKL/OPG ratio in patients with acute COVID-19. RANKL and OPG 
are the most significant mediators related to osteoclast differentiation 
and activation, being RANKL the stimulator and OPG the decoy-receptor 
of RANKL that inhibits osteoclast formation [27]. Thus, increased 
RANKL/OPG ratio, besides the cytokine storm, may translate to unbal
ance of osteoclast/osteoblast activity along coronavirus infection in 
favor of the bone resorptive milieu associated to osteoclasts. 

In the current work, the experimental settings supported such clin
ical condition. The intranasal infection of WT mice with the betacor
onavirus MHV-3 triggered significant decrease in trabecular area and 
bone volume in the distal region of the femur, as early as 3 days post 
infection. There was an osteoporotic phenotype associated to MHV-3 
infection with increased number of TRAP-positive osteoclasts in the 
femur, although the number of osteoblasts was not affected. These data 
are in line with a recent study using human-ACE2 transgenic mice 
infected with Sars-CoV-2, which presented significant resorption of the 
trabecular bone in the femur in acute and post-recovery COVID-19. This 
phenotype was observed in mild and also in severe infection, developed 
with increasing viral titers [13]. A study with hamsters, which are 
naturally infected by Sars-CoV-2 and recover from the disease, also 
showed similar influence of Sars-CoV-2 on bone metabolism, in the 
femur and in the vertebrae [14]. Increased osteoclast differentiation was 
also detected in these works [13,14]. Interestingly, here the number of 
multinucleated osteoclasts increased at 3 dpi, but almost no TRAP- 
positive cells were detected in the femur at 5 dpi, even with high 
levels of local RANKL. This suggested osteoclast cell death. 

Indeed, some authors hypothesize that bone cells could be them
selves targets for coronavirus infection [8]. In vivo, we could detect 
MHV-3 RNA copies, caspase-3-positive cells and apoptotic bodies next to 
trabecular surface in the femur of infected mice. Accordingly, in our in 
vitro experiments, the betacoronavirus MHV-3 infected macrophages 
and differentiated osteoclasts, besides inducing increase in the number 
and size of TRAP-positive osteoclasts, even in the absence of RANKL. 
Almost all these cells died as early as 48 h after infection. MHV-3 is able 
to infect macrophages via the carcinoembryonic antigen-related cell 
adhesion molecule 1 (CEACAM-1a) receptor [19]. The presence of MHV- 
3 on bone marrow has also been described previously [28] as well as its 
ability to trigger syncytia formation [19]. Osteoclast differentiation is a 
coordinated process of macrophage fusion with the formation of 
multinucleated cells, as a syncytium [29], thus it is not surprising to 
notice TRAP-positive cells after MHV-3 macrophage infection in the 
absence of RANKL. Accordingly, there is potential evidence to support 
that this can also be true for Sars-CoV-2. Osteoclasts and osteoblasts can 
express the Angiotensin Converting Enzyme-2 (ACE2) which acts as a 
receptor for Sars-CoV-2 infection [30]. Human monocytes, which are 
precursors of macrophages, also express ACE2 [31] and are known to be 
infected by Sars-CoV-2 [32]. Similar to MHV-3, Sars-CoV-2 also triggers 
syncytial formation to facilitate viral dissemination, cytopathicity and 
immune evasion. The viral spike protein can interact with receptors on 
neighboring cells enhancing fusogenicity [33]. Thus Sars-CoV-2 could 
be a key player in osteoclast differentiation, but this remains to be 
shown. 

Along with the potential direct effect of coronaviruses on bone cells, 
the cytokine storm triggered by the infection also creates a systemic 
inflammatory milieu conductive to bone resorption [4]. Severe COVID- 
19 is characterized by high circulating levels of TNF, IL-1β, IL-6 and 
several other cytokines that are known to be pro-osteoclastogenic, given 
that they favor the RANKL expression and release by osteoblasts and also 
immune cells [27,34]. In the current experimental settings, there was 
significant lung disease, but very mild systemic commitment, i.e. alter
ations in the liver, at 3 dpi. Nevertheless, viremia is detected at 5 dpi, 
with severe liver damage and systemic cytokine release which leads to 
fulminant mice death [18]. Accordingly, we have shown previously that 

the development of the lung disease triggered by MHV-3 infection was 
almost ablated in the absence of the TNF receptor type 1 [18]. Here, we 
show that this milder disease is relevant to prevent the potential bone 
disorder associated to the viral infection. TNFR− /− mice did not present 
significant signs of bone resorption and had decreased number of oste
oclasts when compared to their WT littermates. This is in line with 
current evidence showing that TNF is a key mediator to trigger osteo
clast formation in the context of COVID-19. TNF and IL-1β release 
induced by Sars-CoV-2 can amplify the pro-inflammatory cascade in the 
skeletal system to increase the pro-osteoclastogenic milieu [14]. 
Accordingly, some clinical trials targeting the TNF pathway have been 
started all over the world and there is evidence that an anti-TNF therapy 
abrogates the pathological inflammation and facilitates clinical recovery 
in severe COVID-19 [35,36]. As far as COVID-19 symptoms are pre
vented, the possibility of extra-pulmonary effects, such as bone resorp
tion, may be prevented too. 

Therefore, this study uses an experimental platform that re
capitulates several aspects of COVID-19 to show the TNF-dependent 
bone resorptive phenotype triggered by the coronavirus infection, a 
condition that needs to be further investigated clinically. As any 
experimental model, there are limitations in the current settings, 
including: MHV-3 interacts with a receptor different from Sars-CoV-2, 
MHV-3 triggers liver disease in later timepoints, there is a transient 
lung disease. Nevertheless, this platform allows us to work in a BSL2 lab 
using WT mice and it triggers an acute lung disease that induces sys
temic commitment such as bone resorption. Thus, this is an important 
platform to spread basic knowledge to better understand the potential 
consequences of COVID-19. 

5. Conclusions 

This study shows that the coronavirus MHV-3 induces an osteopo
rotic phenotype in mice by triggering an inflammatory environment 
dependent on TNF in the bone and potentially stimulating the differ
entiation of osteoclasts through infection of macrophages. This is in 
accordance with the clinical evidence of enhanced RANKL/OPG ratio 
observed in severe COVID-19 patients. 
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Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG; Brazil) 
(Processo FAPEMIG: 25036). The funding sources had no involvement in 
the conduction of the research and/or preparation of the article. We also 
acknowledge Prof. Leda Quercia Vieira for the donation of the 
TNFRp55-/- mice and Ilma Marçal de Souza and Rosemeire Oliveira for 
their technical assistance with experiments. 

References 

[1] World Health Organization W.H.O., COVID-19 Weekly Epidemiologic Update. 
Edition 130, 2023. 
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